We report the crystal structure evolution of CaCu 0.2 Mn 6.8 O 12 as a function of temperature between 10 K and 290 K. The analysis of the diffraction data is carried out with the Rietveld method applied to the average trigonal structure of CaCu 0.2 Mn 6.8 O 12 . The x = 0.2 member shows similar low temperature extrema for the unit cell parameter evolution as the previously reported x = 0.1 and x = 0 members of the CaCu x Mn 7−x O 12 system. All magnetic and crystallographic transition temperatures indicated by the unit cell parameter evolution obtained by powder X-ray diffraction methods systematically decrease with increasing Cu content, x.
Introduction
The CaCu x Mn 7−x O 12 family is an important group of manganese oxide systems due to its interesting electronic and magnetic properties such as colossal dielectric responses CaMn 7 O 12 [1] and magnetoresistance observed in e.g. CaCu 3 Mn 4 O 12 [2] and CaCuMn 6 O 12 [3] . In agreement with many other magnanese oxide systems [4] the CaCu x Mn 7−x O 12 system exhibits an important interplay between magnetic, charge and lattice degrees of freedom.
The undoped CaMn 7 O 12 system has been extensively studied using high resolution neutron diffraction [5] [6] [7] and high resolution synchrotron X-ray diffraction [7, 8] . Below 400 K CaMn 7 O 12 crystallises in the trigonal space group R3 [5, 8] . Below 90 K magnetic long-range ordering with a series of complex magnetic phases and simultaneous magnetic phase separation is observed [6] . Between 90 K and 50 K the coexistence of a ferrimagnetic and a modulated magnetic structure have been reported [6] . At 49 K the ferrimagnetic phase converts into a second modulated magnetic structure. Consequently two modulated magnetic structures with two different magnetic propagation vectors coexist below 49 K [6] . The magnetic phase transition at 49 K coincides with a local maximum of the hexagonal c lattice parameter [7] . The magnetic phase separation in CaMn 7 O 12 has been confirmed by muon spin rotation (µSR) studies since [9] .
Below 250 K high resolution synchrotron powder X-ray diffraction patterns show numerous weak Bragg peaks which are forbidden in space group R3. No corresponding peaks have been observed in powder neutron diffraction experiments, it was therefore concluded that the X-ray satellite peaks are probably due to charge modulation of the manganese ions in the CaMn 7 O 12 structure [10] . The onset of charge ordering is accompanied by a local minimum of the hexagonal c lattice parameter. Furthermore, a structural transition results in a cubic CaMn 7 O 12 high temperature structure (space group: Im3) above 450 K [8] . Between 410 K and 440 K phase separation causes the trigonal low temperature phase and cubic high temperature phase to coexist as large clusters with domain sizes of at least 150 nm [8] . The phase separation is accompanied by a local maximum of the hexagonal c lattice parameter [8] . The initial observation of phase separation in CaMn 7 O 12 has been recently confirmed by 57 Fe Mössbauer studies of CaMn 6.97 Fe 0.03 O 12 [11] .
The numerous electronic and magnetic phenomena observed in CaMn 7 O 12 lead to very unusual thermal expansion: the hexagonal lattice parameter has two local maxima and one local minimum as a function of temperature. The main objective of the present paper is to explore the thermal expansion of CaCu x Mn 7−x O 12 compounds with low Cu content, x.
Experimental
Polycrystalline powder samples of CaCu x Mn 7−x O 12 for x = 0.2 were prepared by annealing stoichiometric amounts of CaCO 3 (CERAC, 99.995%), CuO (CERAC, 99.999%), and Mn 2 O 3 (CERAC, 99.99%) using KCl as a mineraliser. The synthesis details are described in [12] .
Synchrotron radiation powder diffraction measurements were performed on beamline ID31 at the ESRF in Grenoble [13] . The wavelength used was 0.39996Å. The sample was placed in a 0.5 mm glass capillary which rotated during the experiments. Measurements were performed for the temperatures from 10 K up to 290 K by using a liquid-helium-cooled cryostat. Measurements at temperatures between 290 K and 433 K were performed by using a hot air blower.
The angular range covered by the experiment was 3.5
• where 2θ is the scattering angle. The range of the scattering vector Q in the experiment was 0.96Å
sin θ. The SR powder diffraction patterns were analysed by the Rietveld method [14] implemented in the program FullProf [15] . The space group R3 was used and all atomic positions were refined as well as individual isotropic Debye-Waller factors for each kind of atom. Small amounts of CaMn 4 O 8 [16] and Mn 2 O 3 [17] impurities were identified in the samples.
Results
The SR diffraction pattern of CaCu 0.2 Mn 6.8 O 12 at room temperature (RT) cannot be described assuming a pure trigonal phase. Good agreement of the refinement was reached assuming a mixture of about 70% of the trigonal phase and about 30% of a cubic phase contributing to broad peaks as described in [12] . The contribution of the cubic phase of about 20-30% was observed at all temperatures down to 10 K. In this study we describe only the average trigonal crystal structure of CaCu 0.2 Mn 6.8 O 12 . During the final refinement cycles all structural parameters including lattice constants, atomic positions and isotropic Debye-Waller factors were refined. Figure 1 illustrates the crystal structure of CaCu x Mn 7−x O 12 using the commonly used rhombohedral setting. All crystallographic positions are labelled according to Ref. [12] . The distortion of the trigonal unit cell with respect to the cubic unit cell can be conveniently expressed using the angle α c between two pseudo-cubic cell axes, see e.g. [8] , cos α c is computed according to
The complex anisotropic thermal lattice expansion of CaCu x Mn 7−x O 12 phases with x = 0, 0.1, and 0.2 are shown in Fig. 2 . The temperature dependence of the hexagonal lattice parameters a and c are shown in the upper left and right parts of Fig. 2 , respectively. The lower left and right parts in Fig. 2 show the hexagonal unit cell volume and the pseudo-cubic angle α c , respectively. [10] and (empty squares) -from [8] . CaCu 0.1 Mn 6.9 O 12 data (solid dots) are from [10] and (empty dots) -from [12] . CaCu 0.2 Mn 6.8 O 12 (solid triangles) are present data and (empty triangles) -from [12] . The lattice parameters are given in the hexagonal setting of the trigonal space group R3.
We are comparing the thermal evolution of CaCu 0.2 Mn 6.8 O 12 for temperatures below room temperature with the previously reported results for x = 0 and 0.1. These literature results include: CaCu 0.2 Mn 6.8 O 12 data for temperatures above RT [12] , CaCu 0.1 Mn 6.9 O 12 data for temperatures below [10] and above [12] RT, CaMn 7 O 12 data for temperatures below [10] and above [8] RT. Let us note the temperature dependence of all features in Fig. 2 as a function of Cu substitution in CaCu x Mn 7−x O 12 . Notably the trigonal to cubic phase transition temperature decreases with increasing Cu content, x.
Let us note that small unit cell parameter discrepancies for CaMn 7 O 12 of recent study [10] with respect to earlier reports on CaMn 7 O 12 prepared by a different synthetic method [7, 8] can be attributed to the use of different peak shape models and application of asymmetry parameters. Despite those numerical deviations the temperature dependences of the lattice parameters are very similar for all reports, thus supporting the validity of diffraction experiments for the investigation of the complex thermal behaviour of the CaCu x Mn 7−x O 12 system. Figure 2 clearly illustrates the monotonic increase in the hexagonal a axis parameter and the unit cell volume for CaCu 0.2 Mn 6.8 O 12 . A similar behaviour is also observed for the x = 0 and 0.1 members of the CaCu x Mn 7−x O 12 family (see Fig. 2 ). Furthermore, the monotonic increase is commonly encountered for many oxide systems. In contrast, the thermal evolution of the hexagonal c lattice parameter and the cubic angle α c are complex with a possible maximum for the c parameter (and a possible minimum for α c ) between 10 K and 100 K if compared with the x = 0 and 0.1 data. In addition, a minimum for the c-axis parameter coinciding with a maximum for α c are observed above 150 K for CaCu 0. 
Conclusions
The low temperature synchrotron powder X-ray diffraction experiments CaCu 0.2 Mn 6.8 O 12 presented in this study revealed unit cell parameter evolutions similar to the remaining members x = 0 and 0.1 of the CaCu x Mn 7−x O 12 family. Through comparison with x = 0 and 0.1 the experiments indicate the potential for complex magnetic structure evolution below 100 K and similar high temperature charge ordering processes. Notably all the transition temperatures decrease systematically with increasing Cu content in CaCu x Mn 7−x O 12 . Additional details regarding the magnetic properties and magnetic structure evolution will be investigated in a future study for a larger range of Cu doping levels in CaCu x Mn 7−x O 12 .
